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Sioux Falls, South Dakota, is located on a bend of the Big 
Sioux River in southeastern South Dakota where the river passes over 
a quartzite outcropping forming a falls. The city, an incorporated 
municipality with a population in 1970 of 72, 557,
1 
is located at the 
intersection of two interstate highways,and is a regional manufacturing 
and transportation center of the southeastern portion of the state. 
The city obtains its water supply from a series .. of wells and 
surface water pumping units close to the Big Sioux River. The wells 
.. 
are constructed in a shallow alluvial aquifer which parallels the river 
channel for a distance of about 20 mile&-north of the.city. The wells 
are constructed in the southern end of the aquifer, the wells being 
located at distances·of up to five miles from the water treatment 
plant. Figure 1 shows the location of the wells relative to the water 
treatment plant. 
The water from the Big Sioux Aquifer is highly mineralized with 
the total hardness concentration frequently exceeding 500 mg/1. The 
water is usually free of turbidity and color as it comes from the 
well. Bicarbonate alkalinity of 300 mg/1 and carbon dioxide con-
centrations as high as 102 mg/1 are related to the presence of high 
concentrations of iron and manganese. Although the nitrate 
1Population data from Sioux Falls Chamber of Commerce. 
Figur-e 1. 
2 
l\f.a.p showing the location of the city wells and water 
treatment plant (1). 
concentration in some domestic wells in the Big Sioux Aquifer has 
been in excess of the 10 mg/1 NO3 as nitrogen recommended in the 
Drinking Water Standards (2), analyses of the water from the city 
wells have shown nitrate concentrations far below the maximum 
recommended limits. The table below shows the results of the 
average of twenty water samples from various city wells. 
Table 1 
Average Chemical Composition of Water in Milligrams 





Bi carbonate (c3:_s CaCO3) 
Dissolved solids (results at 103°c) 
Hardness (as CaCO3) 
Specific conductance (micromhos �t 25°c) 
pH 











Before the construction of a city filtration plant in the early 
1920's, waters from the Big Sioux Aquifer received no treatment prior 
to being pumped into the distribution mains. In this plant the water 




The f iltration plant reduced the iron content of the water but allowed 
excessive concent�ations of manganese to remain in the water. The 
nuisance that the manganese caused to the citizens was one of the 
reasons given for the construction of the present plant (4). 
The present water treatment plant was designed to remove iron 
and manganese from the ground water by means of lime t+eatment. A 
· schematic diagram is shown in Figure 2. ·· The water receives pretreat-
ment of chlorine as it enters the plant, followed by the addition of 
activated sodium silicate gel as a coagulant aid. The water passes 
into upflow solid� contact basins where the lime is added, raising 
the pH to a value of 9. 9 to 10. 1. The flow from the contact basins 
is channeled into a recarbonation basin where the.pH is lowered to 
9. 2. Sodium hexametaphosphate is added in the downstream end of the 
recarbonation basin. The water flow is then channeled through rapid 
sand filters and stored ·in clearwells until it is pumped to the dis-
tribution system. 
Aeration, as it was used in the old filtration plant, was d is­
cussed by city personnel as a means of pre-treatment of the water. 
It was not until the."Report on Water Treatment" of 1966 by Greeley 
and Hansen, Engineers, that an engineering analysis of the possibil­
ities of aeration was considered (5). The engineers reported that 
the existing plant was capable of softening the water in addition 














Sodium Silicate · Coagulation 
Na2o • Si02 




















Figur� 2. Schematic Diagram of the Sioux Falls Water Treatment Plant 
(5). 
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with all of the bicarbonate ions presen:t. �Any lime added in excess 
would not cause a decrease in hardness. Before the lime is available 
to react with the bicarbonate, the carbon dioxide-lime reaction that 
results in the precipitation of calcium carbonate must be satisfied. 
Aeration was considered an acceptable alternative to lime for the 
removal of carbon dioxide. Preliminary calculations,- assuming an 
average CO2 content of 58 mg/1 and assuming 80 .to 85% CO2 removal, 
demonstrated moderate possible savings by using aeration. 
Greeley and Hansen recognized a lack of operational data in the 
literature and therefore recommended to the officials of Sioux Falls 
that pilot studies be made before the design of an aeration system 
be initiated. 
This study was conducted to provide the information that Greeley 
and Hansen recommended the city should obtain. The purposes of the 
study were these: 
1. To evaluate the economic advantages of aeration, if any, 
to water treatment in Sioux Falls. 
2. To determine whether aeration will effectively oxidize 
ferrous iron to ferric iron and decrease th� need for 
pre-chlorination. 
3. To determine from the literature the pot.ential corrosive 
effects of the dissolved oxygen in a water supply and to 
7 
evaluate the potential of aeratiop to increase the 
corrosive tendenc.ies of Sioux Falls water. 
8 
LITERATURE REVIEW 
Most natural waters contain carbon dioxide gas (CO2) in varying 
amounts. As rain falls, small quantities o� CO2 are dissolved in 
the droplets, usually in concentrations of 0. 5 to 2. 0 mg/1. Surface 
waters generally have very small concentrations of carbon dioxide 
present at the surface. A great majority of ground waters contain 
appreciable concentrations of carbon dioxide. The carbon dioxide 
content of a majority of deep-well waters will be below 5-0 mg/1. 
Shallow wells, particularly in areas overlain by peaty soils, will 
produce waters with carbon dioxide contents ranging from 50 to 300 
mg/1 (6-88). 
Much of the carbon dioxide content of shallow well waters has 
its origin with decaying organic matter. As waters percolate through 
the soil, the carbon dioxide produced by the decay of organic matter 
is dissolved. A portion of the carbon dioxide hydrolyzes to form 
carbonic acid which reacts with calcium and magnesium carbonates, 
converting the carbonates to bicarbonates which go into solution. 
In the absence of oxygen, removed from the waters by the decay of 
organic material, iron and manganese are reduced in valence and 
taken into solution. Thus ground waters that contain appreciable 
quantities of iron and manganese are devoid of dissolved oxygen and 
have high carbon dioxide contents (7-447). 
9 
Free carbon dioxide which has not entered into chemical reaction 
increases the corrosive action of water (8). Low pH values asso­
ciated with.the presence of carbon dioxide have caused severe 
corrosion in condensate lines. 
Water supplies containing carbon dioxide but not oxygen have 
been associated with " iron pickup" from cast iron pipes. The pres-
ence of carbon dioxide is reported to accelerat� dissolved oxygen 
corrosion when a high ratio of carbon dioxide to alkalinity is 
present (6-94). 
Carbon dioxide reacts with the alkaline chemicals used in 
softening .and iron removal processes (8). Sawyer and McCarty list 
the reaction 
as the first to occur in water-softening processes using lime and 
soda ash. The reaction of lime with carbon dioxide must occur be-
fore the pH can be raised sufficiently for the successive precipi­
tation reactions to take place (7-358). 
Carbon Dioxide Removal Methods 
Carbon dioxide has been successfully removed from waters used 
for industrial purposes by boiling the water and venting the steam. 
Both open and spray type heating apparatus have been used. This 
technique is especially applicable to waters used for boiler feed 
(6-316). Schiller (9) and Speller (10) have reported successful 
removal of dissolved gases in water by the use of vacuum degassifiers 
at ambient temperatures. 
Nordell reports the use of lime or other alkali, sudi as caustic 
soda, for the removal of small quantities of carbon dioxide. The 
use of a neutralizing filter which employs a bed of calcite granules 
is also reported. Such filters are reported to be used in the house­
hold field of water treatment, in the filtration of coagulated 
swimming pool waters, and to some extent by industry (6-95). 
�---- The use of aeration as a means of removal of carbon dioxide has 
been practiced for many years. The process_adds oxygen to the water 
for iron and manganese removal and removes carbon dioxide from water 
prior to lime-soda ash softening and the addition of oxygen for the 
removal of iron and manganese (8). 
Principles of Aeration 
Haney defines aeration as a process whereby the water is brought 
into intimate contact with a gas, usually air, for the purpose of 
transferring highly volatile substances to or from the water. The 
substances transferred may include gases such as·oxygen, carbon diox-
ide, nitrogen, hydrogen sulfide and methane, or various unidentified 
volatile organic substances responsible for taste and odor (12). 
The aeration process involves the physiochemical p�inciples of 
equilibrium, gas solubility, diffusion, and the properties of a 
11 
.. 
liquid-gas interface (12) . The process of diffusion of a gas into 
or out of a l iquid is defiried bi��ick's first law (13) 
where Sm/vt is the time rate of mass transfer by diffusion; DL is 
the diffusion coefficient.of gas in the liquid; A is _the cross 
sectional area through which d iffusion occurs; f>c/f)y is the con-
centration gradient; and y is the length through which the diffusion 
occurs. 
Lewis and Whitman have described the transfer of a gas from 
atmosphere to a body of-turbuJent fluid by the use of a two-film 
concept (12). The Lewis and Whitman equations have been developed 
to y ield the equation 
s-c 
-KL tA/V e 
where S is the concentration at saturation, C
0 
is the initial con-
centration, C is the concentration at .the time t, KL is a transfer 
coefficient, and A/V is the area of interface per unit volume (13). 
Figure 3 shows the plot of the equation for conditions of gas release 
and absorption. 1 0xygen absorption occurs simultaneously with the 
































Figure 3. Gas absorption and release from a liquid (12}. 
Release 




Types of Aerators 
The aeration equipment used in waterworks practice may be 
classified into two general types: waterfall aerators such as spray 
nozzles, cascades, and multiple-trays; and injection aerators in 
which bubbles of compressed air are passed through the water (12). 
A variety of patented types-of aerators are available from various 
manufacturers (8) .. 
Baylis experimented with the removal of carbon dioxide from 
drops of water falling through air. He found that the water film was 
thinnest in a falling drop an� that the gas interchange was inc=:reased 
by the thinning of the.film (11). The observations made during the 
experimentation by Baylis are especially applicable to waterfall-
type aerators (8). 
Spray aerators are one type of waterfall aerator. These de-
vices force water through fixed nozzles, which are arranged in a 
grid, to form a spray similar to that of a fountain. Because spray 
aerators generally require a large area that cannot be.housed eco-
nomically, ice buildup usually prevents their operat.ion in freezing 
weather. The design of the nozzles i� extremely impor-tant in 
achieving optimum.dispersion of the water, with the size and spacing 
of the nozzles varying with available hydraulic he�ds and areas 
available. Table 2 lists the pertinent details of construction and 
256763 
Table 2 
Characteristics of Typical Spray Aerators (13) 
i::ipace 
Design per Operating Results 
Capac- Number Spacing Pressure Unit of 
Installation ity of ft psi Capac- CO2-ppm 
mgd Nozzles ity Flow 
sq ft/ mgd 
mgd Raw Aerated 
Contra Costa, Calif 12 42 4 1.64 138 
Denver, Colo. (a)North · 64 600 3 11.27 85 64 trace 0.5 
Side Filter Plant 100 600 3 6.50 54 100 trace 0. 5 
Jacksonville, Fla.(b) 
Main Street. 12.95 200 2.5 0.98 97 7 10 4 
Hendricks Avenue 7. 30 26 6 1.19 129 2 8 4 
West Palm Beach, 20 202 2.3 10 78 vari- 3.7 12.9 
Fla. (c) able 
Bangor, Me. (d) 8 80 2to2.5 3 50 4.25 7.5 
Lawrence, Mass. (e) 10 70 10 1. 73 700 
Springfield, Mo. Ce) 5.6 39 12 17 1, 000 
Appleton. Wis. (f) 8 72 3. 5to4 2.3 I 12s 
(a)Surface supply essentially free of carbon dioxide. 
(b)Supply from deep wells, all containing hydrogen sulfide in concentrations from 1. 5 to 2.0 ppm; 
aeration removes from 25 to 40 per cent and supplies oxygen for oxidation of remainder. 
(c)Supply from shallow lakes; aeration for reduction of algal odors; carbon dioxide reduction for 
iron r�moval; alum added prior to aeration, which accounts for high carbon dioxide content of 
aerated water. 
(d)Surface supply; 'aerator for reduction of carbon dioxide and nitrogen trichloride; aerated water 
contains about 15 ppm free chlorine. 
(e)Surface supply; aerator.for reduction of algal odors. 
(f)Surface supply; aerator for reduction of algal odors; average reduction of threshold odor from 
24 to 51 per cent reported; alum added prior to aeration. 




gives the results of carbon dioxide removal of a number of typical 
spr�y aerators (8). 
Cascade aerators are also waterfall type and are found in many 
varied forms. The general principle is to spread the water as much 
as possible while letting it flow over obstructions which produce 
turbulence and change the water surfaces which are in contact with 
the atmosphere. Hydraulic head requirements of the aerators vary 
from 3 to 10 feet. The cascade aerator at Champaign-Urbana, Ill. , 
reduces carbon dioxide from 44 to 55 to 27 to 34 mg/1. The floor 
space occupied is 45 square feet per million gallons per day. Carbon 
dioxide removals by cascade aerators have been reported to vary from 
20 to 40 per cent. The installations can be housed where climatic 
conditions require protection for winter operation (8). 
The multiple-tray aerator consists of a series of trays equipped 
with slat, perforated, or wire-mesh bottoms over which water is dis­
tributed and allowed to fall to a collection basin at the base. 
Good distribution of the water is necessary to assure efficient 
operation. In many tray aerators, coarse media such as coke, stone, 
or ceramic balls are placed in the trays to improve the efficiency 
of the gas exchange and distribution and to take advantage of the 
catalytic effects of deposited manganese oxides . .  From three to 
nine trays are commonly used with spacing varying from 12 to 30 
inches. Required areas usually range from 25 to 75 square feet per 
16 
million gallons per day of plant capacity with the units frequently 
housed. Ventilation is extremely important. Corrosion, slime, and 
algal growths can present problems. Table 3 presents data on the 
design characteristics and operating data for several multiple-tray 
aerators (13). 
Diffusion aerators generally consist of rectangula� concrete 
tanks in which perforated pipes, porous diffuser tubes, or various 
patented impingement or sparger devices are inserted near the bottom 
of the aeration basin. Compressed air is injected through the system 
to produce bubbles which, on r_ising through the water, cause turbu­
lence and provide opportunity for exchange of the gaseous products 
between the bubbles and the water, and between the air and the water 
at the surface of the latter (13). For an equal expenditure of 
energy, a unit of the diffused-air type provides longer aeration 
time than the waterfall type because the rising bubbles have a lower 
average velocity than the falling drops. Diffused-air aerators 
conserve hydraulic head and are not subject to freezing. Tanks are 
commonly 9 to 15 feet deep and 10 to 30 feet wide . . Ratios of width 
to depth should not exceed 2:1 if effective mixing is· to be obtained 
(18). Table 4 presents data on diffused-air aerators. No data has 
been found relating carbon dioxide removal to any design or operation-
al factors. 
Table 3 
Characteristics of Typical Multiple-Tray Aerators (13) 
Space Operating Results 
Design Area Vertical per 
Capac- of Type and Number Distance Unit of 
Installation ity Trays Size of of between Housing Capacity Flow 
mgd sq ft Media Trays Pans sq ft / mgd 
(g) in. mgd 
Naples, Fla. (a) 1.1 81 2in. coke 4 ·1s outside 74 0. 67 
Wichita, Kan. (b) 48 986 Zin.coke 5 18 inside 21 30 
Owensboro, Ky. (c) 10 280 coke 6 14 outside 28 5.4 
Columbia, Mo. (d) 3 160 none 5 18 out- 53 
side(h: 
!Marshall, Mo. ( e) 2 80 none 6 18 inside 40 1.03 
Memphis, Tenn. 
Allen Station( f) 30 896 3in .-6in . 10 15½ ins_ide 30 10. 5 
Sheeha·n Station (f) 30 690 coke 6 16 inside 23 22.6 
(a)Removal of hydrogen sulfide and carbon dioxide. 
(b)Removal of carbon dioxide; has forced draft ventilation at rate of 29,500 cfm. 
(c)Removal of carbon dioxide. 
(d)Removal of hydrogen sulfide, 
(e) Removal of carbon dioxide; has forced draft ventilation at rate of 2,000 cfm. 
(f)Removal of carbon dioxide; natural ventilation through open walls. 
(g)Including distribution pan. 












Characteristics of Typical Diffused-Air Aerators (13) 
Power 
Require-
Period of Air Re- ment per 
Installation Capacity Aeration· Objective quirement Mgd of 
mgd min cu ft/gal Capacity 
kw 
Petersburg, lnd. (a) 1. 0 30 odor removal-mixing 0. 10 1. 46 
Huntingburg, Ind. (a) 0.4 8.5 odor removal 0.15 0,75 
St. Paul, Minn. (b) 48 0. 16 odor removal-mixing 0. 01 
Brownsville, Tex. (a) 4 14 gas removal-mixing 0. 07 0.48 
Fort Atkinson, Wis. (a) 0. 75 18 iron & odor removal 0. 16 : 1. 87 I 
. 
Kenosha, Wis. (b) 11. 6 0. 21 odor removal 0. 01 
Milwaukee, Wis. (b) 104 1. 76 rapid mixing 0.035 0. 90 
Salt Lake City, Utah(b) 100 15 odor removal 0. 16 1. 49 
(a)From data given in Water Quality and Treatment, American Water Works, Assn. , New York 
(2nd edition 1950), p. 127. 




Disadvantages of Aeration 
In some locations the oxygen entering solution during the 
aeration process renders the water more corrosive. I.ansing, Michigan, 
reported that during aeration for reduction of carbon dioxide, prior 
to softening and iron removal, numerous complaints of red water in 
hot water systems were received; after aeration was discontinued and 
the carbon dioxide was neutralized with lime in the regular plant 
process, the complaints ceased and did not recur (8). 
The use of aerators after treatment or as the sole treatment for 
well waters should be examined quite critically, particularly because 
the water is subject to airborn contamination (8). 
Conclusion 
In supplies where the carbon dioxide content of the raw water 
is low, the cost of aeration should be compared to that of'chemicals 
required to accomplish the same purpose (8). Baylis has expressed 
the opinion that if the carbon dioxide content of the raw water is 
approximately 10 mg/1 or less, it is generally more economical to 
remove the gas by chemicals rather than by aeration ( 11-315 ). In 
deciding when to use aeration for the treatment of water, particular 
attention must be paid to the source of the water. The aeration 
processes may be useful in the removal of carbon dioxide from ground 
waters, especially if they are used before lime-soda ash softening (13). 
20 
SAMPLING AND IABORAT9RY.METHODS 
Introduction 
After several manufacturers had be�n contacted, two pilot 
aerators were located and arrangements made for their use. A third 
aerator constructed by plant personnel was available at the Sioux 
Falls Water Treatment Plant. Two of the aerators were of the water-
fall type, and the third was of the injec-tion type. 
With the variety of aerators available, it became apparent that 
definitive methods were required in all tests. The degree of repro-
ducibili ty desired. to allow valid comparisons among the data obtained 
with the different units necessitated strict adherence to the pro-
cedures developed during the course of the study. 
Sampling Procedures 
Because of the close relationship between sampling procedures 
and reproducibility of experimental results, consider�ble attention 
was given to the associated problems. The problem of obtaining 
representative samples was aggravated by the nece�sity of minimizing 
entrance or loss of gases from samples. Samples of water needed to 
be collected for three purposes: 
Carbon dioxide determinations 
Dissolved oxygen determinations 
Mineral analysis determinations. 
21 
It was necessary to collect samples for the above determinations 
from both the aquifer water supply and from the aerated water. 
Samples of aquifer water were collected using a hose and valve 
· arrangement to allow controlled flow of water into the sample contain-
er. In all cases the aquifer water was under pressure at the sample 
point. Samples of aerated water were collected by utilizing gravity 
flow through a siphon hose wherever possible. When a siphon would 
not function, samples were dipped near the water surface. 
All samples were grab samples. Those collected for carbon diox-
ide determinations were analyzed immediately with facilities set 
up adjacent to the aerator locatio�. Duplicate samples were collected 
for dissolved oxygen determinations. One-liter sarnpies were collected 
in polyethylene bottles for the mineral analyses. 
n,termination of Chemical Characteristics 
Titrirnetric field determinations of carbon dioxide were made 
whenever practicable. The method followed was that outlined in 
Standard Methods using a pH meter to determine the end point of the 
titration (14-82). The procedure followed was as below: 
1. · The samples were collected in a long form Nessler Tube, 
allowing the sample_s to overflow to minimize the surface 
loss of carbon dioxide to atmosphere� 
22 
2. Excess water was shaken out leaving 100 ml in the tube and 
a quantity of standardized NaOH solution estimated to 
raise the pH to the 8.3-8.4 end point was added. The tube 
was sealed with a stopper and agitated for at least one 
minute to allow all" reactions to approach completion . 
3 .  The pH of the solution was measured and the process repeated 
if _necessary, adjusting the quantity of base on each succes­
sive trial until the solution attained the desired pH 8. 3-
8 . 4  endpoint. 
The nomographic method of estimating carbon dioxide as presented 
in Standard Methods (14-78) was performed parallel to the titrimetric 
determination. In those experiments in which titrimetric determina­
tions were not practical the nomographic method alone was used. 
Field determinations were made of alkalinity, pH, temperature of 
water, and conductivity - the variables necessary for the nomographic 
method. 
✓Alkalinity was determined by titration with 0. 02 N H2so4 to the 
phenolphthalein and bromcresol green-methyl red en�points as outlined 
in Standard Methods ( 14-48). The pH was measured with a single 
electrode pH meter. Temperature and conductivity were measured with 
a combination dip probe and conductivity bridge. Conductance measure-
ments were made for use in estirnating · dissolved solids . 
2 3  
Samples were collected for dissolved oxygen determination in 
BOD-type bottles which were overflowed to minimize surface absorption 
of oxygen during the fill�ng of the bottles. Samples ·were immediately 
' fixe�' in the field and later transferred to the laboratory for 
analysis. The oxide modification of the Winkler method for the 
determination of dissolved oxygen W,as used as outlined in Standard 
Methods (14�405). 
Samples collected for mineral analysis determinations were 
analyzed for calcium hardness anq total hardness by C. R. Harmer at 
the water treatment plant. Total iron and manganese determinations 
were made using a Spectronic 20 spectrophotometer with chemicals 
and methods of the Hach Chemical Company. A single solids deter-




The initial testing done in Sioux Falls consisted of a survey 
of the dissolved oxygen content of the water as it flowed through 
various stages of treatment and into the distribution system. Exami-
nation of the literature indicated that the increase in dissolved 
oxygen content of the water as a result of aeration could have ad-
verse effects by increasing the corrosiveness of the plant effluent . 
The table below summarizes the results of the survey . 
Table 5 
Dissolved Oxygen Content of Water Samples Collected in 
the Sioux Falls Water Treatment Plant 
Sampling location 
Raw water header 
Solids contact basin effluent 
Filter effluent 
Cold water tap in laboratory 






Fr�m visual inspection of the treatment facilities, it appeared 
that the increase in the dissolved oxygen content of the water 
between the raw water header and the basin effluent is attributable 
to absorption at the water surface as the water splashes over the 
basin outlet wiers . The increase between the basin effluent and the 
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filter effluent appeared to result primarily because of excess air 
pumped into the recarbonation basin as a part of the operation of the 
recarbonation unit. There was no apparent difference .between the 
dissolved oxygen content of the water in the filter effluent samples 
and that obtained from the tap in the laboratory. 
A base titration curve shown in Figure 4 was obtained for the 
aquifer water. The titration curve shows the �quivalence point, the 
end point of the carbon dioxide titration at pH 8. 3-8. 4, to require 
approximately a quarter of the hydroxyl ions necessary to reach the 
pH level of 9. 9-10. 1 used in the treatment of the water. This result 
would indicate that with 100 percent carbon dioxide removal by aera­
tion, lime would still be required to acomplish the degree of treat-
ment currently effected at the city water treatment plant. 
10. 0 





8 . 0  
7. 0 5 10 15 20 2 5  
m l  o f  0 . 02 75 N NaOH 
Figure 4. Base t i trat ion curve for the raw water supply of the 
Sioux Fal ls· Water Treatment Plant . 
2 6  
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EXPERIMENTS WITH A DIFFUSED�AIR AERATOR 
Introduction 
The first aerator obtained was a diffused-air type manufactured 
by Dorr-Oliver Company of Stamford, Connecticut. Because of the large 
physical size of the unit and its large water requirement, city per-
sonnel of Sioux Falls decided that the best location for installation 
would be at City Well No. 24, · see Figure 1. Temporary laboratory 
facilities were installed at the test site. Equipment necessary for 
the carbon dioxide determinations and the " fixing" of the dissolved 
oxygen samples were installed in the pump house of the well. 
The aerator was installed on the well deck with temporary 
shelter on three sides as weather protection. Water supply was ob­
tained from two 2-inch corporation cocks installed on the well 
feeder mairr with galvanized pipe plumbed up to the aerator. A 
trailer-mounted air compressor was used to supply air to the unit. 
Connectj ons for air and water are shown in.Figure 5. 
Air measurements were made with a Dwyer pitot tube and manometer . 
Water measurements were made with Trident positive displacement 
meters ' on each supply line. Air flow was calculated in accordance 
with the manufacturer ' s  instructions with correction made for air 
t_emperature and barometric pressure fluctuations. A sample calcu­
lation is shown in Appendix I. Water flow was calculated from 
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aeration t a n k  












periodic readings of the cumulative meter registers. Air measure­
ments have a manufacturer ' s  accuracy criteria of ± 5 per cent. The 
water meters were supplied to the site with an accuracy specification 
of ± 1 per cent. 
Collection of Data Points Using a Flow-through Process 
Examination of the equipment indicated that the two controlled 
variables were air and water flow. Experiments were designed in 
which both - air and water were varied; these· were labeled as flow-
through experiments. Three nominal air flows were used in the 
studies: 15. 5 cfm, 31. 5 cfm , and 48. 5 cfm. The minimum value was 
determined by the minimum capacity of the air measurement equipment. 
The maximum value was at the point of incipient splashing from the 
tank. The third point was selected to fall between the first two . 
The procedure followed for the col lection of data using the 
flow-through experiments was as follows: 
1. The aeration tank was filled with water and the air 
compressor started. 
· 2. The air and water flow rates were adjusted to the desired 
values by the use of valves. 
3. A period of time approximately equal to twice the theo­
retical detention time of the tank was allowed to pass 
before sampling began. 
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4. Water samples were then collected, aquifer water from a 
point just ahead of the meters and the aerated water with 
a siphon from a point about one inch below the water surface 
in the tank. 
The procedure was repeated with various combinations of air and water 
flows . Two data points were selected and repetitive experiments were 
performed , qsing the similar air and water flow settings on different 
days to provide data for the evaluation of experimental error. 
Initial testing of the diffused-air aerator was performed 
using the flow-through type experiment by varying both water and air 
flows . Fifteen experimental trials_ were made over a period of 
fifteen days. This type of testing was selected to initiate the 
study because of the necessity of having operational data with which 
to evaluate the aerator performance and because of the desirability 
of building up a backlog of data upon which further experiments could 
be selected. 
The results of the carbon dioxide determinations in the aquifer 
water were averaged for the tit1 imetr�-c and nomographic methods, 
respectively, and compared by use of the t test. The· average co2 
content by the titrimetric method was 47. 2 mg/1, and by the nomographic 
method , 49. 1 mg/1 . The differences were not significant at the 95 
per cent level of significance. A lack of controlled tests to 
evaluate the differences between the results obtained by the two 
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methods of determination necessitated separate treatment of the data 
obtained by each method. 
It was discerned during testing that fluctuation in the carbon 
dioxide content of the aquifer water created a third variable in the 
experiments. The effects of the fluctuations on the analysis of the 
data were minimized, and a homogenous basis for comparison was es-
tablished by utilizing a percentage ratio of th� carbon dioxide con­
tent of the aerated water to the carbon dioxide content of the aquifer 
water . The subtraction of this value from 100 per cent yields a 
value labeled as the carbon dioxide removal percentage. This ex-
pression has been used to evaluate the effectiveness of the aeraticn 
process. 
Figure 6 r eports the car bon dioxide removal percentages for the 
three air flows studied with various detention times. Trend lines 
were fitted to illustrate the change in CO2 removal with detention 
time for each of the air flows used. The trend lines were passed 
through the origin of the graph on the basis that at zero detention 
time there would be no CO2 removal. The detention times obtained 
during the experimentation range from 10 to 64 minutes with most 
values grouped in the 15 - to 30-minute range. This range compares 
favorably with examples in Table 4. Values less than 10 minutes 
were not possible because of -water flow restrictions. The shape of 
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Figure 6. Change in carbon dioxide removal percentage with respect to theoretical 
detention time for three values of air input using a diffused-air aerator. (...) 
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th� trend lines corresponded in general to the shape of the theo­
retical curves presented in Figure 3. 
The detention times of 15 to 30 minutes seem to be reasonable 
33 
. for a design basis. Larger detention times would greatly increase 
the required size of the aerator without greatly improving CO2 re­
moval. Shorter detention times would fail to take advantage of the 
high rate of removal per unit time available. An increase in air 
flow appears to result in increased removal for the same detention 
time. 
Analysis of the CO2 removal data was accomplished by determining 
the relationship w ith the air requirement. The air requirement is a 
ratio of the air flow in cfm to the water flow in gpm (cfm/gpm). 
Figure 7 shows a semi-logarithmic plot of air requirement and CO2 
removal percentage for the 15 trials with the flow-through process. 
Regression lines were obtained by using the data for the _nomographic 
and the titri metric method of carbon dioxide determination separately. 
The line of best fit for the data as a whole can be expressed by an 
average of the two regression lines : 
% CO2 removed 66. 7 + 25. 3 log(air requirement) 
The equation indicates that a ten-fold increase in the air supplied 
per gallon of water will increase the removal 'by 25 per cent. The 
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Figure 7. Air requirement versus carbon dioxide removal for a diffused­
. air aerator. 
per cent. It should be noted ·that the equation was derived by using 
· a depth of liquid of seven and a half feet and allowance should be 
made for greater or lesser -depths. 
Comparison of the experimental data with the literature can be 
made by reference to Table 4. It may be noted that those aerators 
with detention times of 15 to 30 minutes have an air requirement of 
0. 10 to 0. 16 cu ft/gal. It is difficult to relate the published 
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data to the results of this study because of a lack of published in­
formation as to the liquid depth or carbon dioxide removals. It would 
appear, however, that air requirement values of 0. 10 to 0 . 50 cu ft/ 
gal as determined in _ this study would be reasonable for design basis. 
Carbon Dioxide Removal Variations with Time Using a Flow-through 
Process 
An additional flow-through experiment was performed to determine 
the change in carbon dioxide content with the time of aeration. The 
procedure used was as follows: 
1. The aeration tank was filled and the air and water flow 
rates set with valves. 
2 •. The compressor was shut down and the water allowed to flow 
until the pH of the aquifer water and the water at the sur­
face of the tank were the same. 
3. The compressor was started and the pH of the aerated water 
was measured at one-minute intervals. 
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The results obtained during th� ._test . are shown in Figure 8. The 
removal percentages were calculated utilizing · ·constant va·Iues for con-· - - . .-. 
ductance , water temperature, and alkalinity. Measurement of these 
parameters at the start and conclusion of the experiment showed no 
changes which affected the carbon dioxide determination. The use of 
the titrimetric method was not practical because of the time required 
to perform the test. 
: . � .. . �The system studied reached equilibrium in about 15 minutes , 4 
minutes less than the theoretical detention time. This time would 
suggest that increased liquid depth would result in slightly greater 
removals . The design detention time of 15 to 30 minutes suggested 
earlier appeared valid. 
Batch-process experiments were performed both in the field and 
in the laboratory. The testing procedure was to fill the tank or 
-vessel and to inject air into the tank, measuring the change in pH 
with time. Carbon dioxide content was estimated by use of the 
nomographic method. 
The testing of batch-type processes, both in the field and in 
the laboratory, yielded results similar to t hose expected from the 
literature. No applicability of the batch processes to plant use 
was found. The laboratory testing confirmed the studies by Thomas 
and Trussell ( 15) in which it was found that the pH could be elevated 
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alone. The quantities of air required pr�cluded use of aeration to 
raise the pH to the levels possible in plant operation. 
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EXPER IMENTS WITH A MULTI PLE -TRAY AERATOR 
Introduction 
The second aerator obtained for study was a multiple-tray unit 
with forced draft ventiliation manufactured by the General Filter 
Company. The unit was mounted on a trailer as part of a portable 
water treatment pilot plant. The unit is shown in Figure 9. 
The unit was installed in the garage of the water treatment 
plant with water connection to a sampling line. A pump was installed 
in the supply line to increase the flow to values approaching the 
capacity of the ae�ator. 
Air flows which were provided by . a  squirrel cage blower operated 
by an electric motor were measured by a differential manometer tapped 
into the base of the aerator with reference to the manufacturer ' s  
original calibration data. Manipulation of air flows and confirmation 
of calibration of flows were rendered impractical by a lack of appli-
cable air measurement equipment. Water flow measurements were made 
with a Fischer and Porter flowrater and manufacturer ' s  calibration 
chart. Calibration was confirmed using a 5/8 inch positive qisplace-
ment water meter. The wat er flow was varied by use of a valve on the· 
discharge side of the supply pump . 
Data and Di scussion 
Procedures used to collect the operational data were as follows : 
Figure 9 .  Photograph of mult iple tray aerator used dur .ing the 
s t udy. 
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1 .  The blower was turned on and the supply pump started. 
2. Water flow was set and a short period· of time allowed to 
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pass to assure that the air-carbon dioxide equilibrium had 
been reached. 
3. Water samples were collected at the discharge side of the 
supply pump and at the bottom of the aerator column. 
The procedure was repeated varying the water flow rate. Two data 
points were selected and repetitive experiments performed using 
similar water flows on different days to provide data for the eval-
uation of experimental error. 
Additional investigations were made utilizing the detention 
tanks and pressure filters on the pilot plant to evaluate the effects 
of aeration for the removal of iron and manganese. 
The results of the carbon dioxide determination of the aquifer 
water during the multiple-tray aeration studies were averaged for 
the titrametric and nomographic methods respectfully and compared by 
the use of the t test. The average CO2 content measured by the 
titrarnetric method was 48. 2 mg/1 and by the nomogra�hic method 51. 1 
mg/1. The differences were not significant at the 95 per cent level 
of significance. The data from each method was handled separately. 
The results of studies utilizing the forced draft aerator are 
reported on Figure 11. The change in carbon dioxide removal per­
centages appears to be linear with irtcreased flow. The bandwidth 
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over which the variation occurs is very na�row, 6 per cent removal 
wi_th flow varying· from · 1 to 8 gpm. Air flow was constant at 96 cfm 
for all test runs. It would seem therefore that aerator performance 
.is not greatly influenced by the water loading rate for the flows 
tested . Removal efficiencies of 64 per cent at a maximum flow rate 
of 8 gpm are lower than those computed from data in . the literature, 
shown in Table 3. 
The studies of the effects of aeration on the -filtration of 
iron and manganese were made using the equipment arrangement shown 
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Table 6 
Iron and Manganese Removal by Filtration 
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The filter used was filled with No. 1 Anthrafilt media. The experi-
mental filter loading rates were high; the maximum normally used in 
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Figure 11. Schematic of the pilot unit used to evaluate the effect 
of aeration on the precipitation and filterability of 
iron and manganese. 
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94 per cent removal was accomplished at the low flow rate and 86 per 
cent removal was accomplished at the higher flow rate. The manganese 
removals were not as complete. At the lower flow rate 20 per cent 
.removal was accomplished and at the higher rate 55 per cent. The 
manganese content in the filtered samples at the high flow rate 
seemed low compared to that obtained at the low flow rate but is still 
far above the maximum value prescribed by the Drinking Water Standards 
(2). The results of the filtrati on tests tend to agree with the ex­
periences the City of Sioux Falls had with the old filtration plant 
as reported earlier in this paper. 
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EXPERIMENTS WITH A CASCADE AERATOR 
A cascade aerator previously constructed by water treatment plant 
personnel was the last aerator used. This unit, shown tn Figure 12, 
was constructed with three · tiers of redwood slats with a vertical 
spacing of eight inches and a receiving basin at the · bottom. A section 
of guttering was used to spread the water along the slats. The loading 
rate was varied by controlling the length of the guttering overflowing 
onto the slats • . Air requirements were met by natural ventiliation. 
Experiments performed with this unit were limited because of an in-
ability to control experimental conditions such as the spread of 
water. Water flow measurement was made by use of a positive dis-
placement �ater meter. The results of experiments with the cascade 
aerator are presented in Table 7. The work with this unit was limited 
because of the lack of control of the unit. 
Table 7 
Summary of the Data Obtained with the Cascade Aerator 
Water flow Overflow Carbon dioxide removal percen.tage 
Titrimetric Nornographic 
gpm inches % % 
8. 6 6 40 46 
8. 6 12 42 41 
8. 6 2 3  49 50 
, I 




The average carbon dioxide content of the aquifer water during 
the testing of the cascade aerator was 49. 3 mg/1 by the titrimetric 
method and 50. ·7 mg/1 by the nomographic method . No significance was 
. found between the two variables at the 95 per cent confidence level. 
· The removal data for the cascade aerator might be summarized 
by using an average effectiveness of 45 per cent to express per-
formance. 
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DISCUSSION OF CHEMICAL CHARACTER ISTICS 
Chemical and physical data collected in the progress of this 
study were evaluated to determine the significance, if any, of the 
differences between the aquifer and aerated water. Arithmetic means 
2 and variances (s ) were computed for the individual parameters. The 
differences between means of the aquifer and aerated samples were 
examined by the 1 test. 
Water temperatures during all phases of the study were 46 to 47
° 
F. with the conductivity averaging 1010 micromhos. The pH of the 
aquifer water averaged 7. 16 for the diffused-air experiments, 7 . 15 
for the multiple tray experiments, and 7.14 for the cascade studies. 
The pH values of the aerated waters varied across such a wide 
range because of the varied levels of CO2 removal that no attempt 
was made to average them. 
The average values (see Appendix) obtained from the mineral 
analyses during the testing for the aquifer and aerated water are 
listed in Table 8. Analysis of this data by the 1 test indicated that 
there was no significant difference between the values for aquifer. 
and aerated waters at the 95  per cent confidence level for the in-
dividual aerators. The statistical data is in the Appendix . 
The small differences between t�e average values of alkalinity, 
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seem to indicate that the aeration process does not change the con-
centration of these components of the water. 
The lack of difference between the values of  alkalinity for the 
aquifer and the aerated water samples was the basis for using the 
nomographic method of estimating car bon dioxide used to determine the 
data shown in Figure 8 without individual measurement of the variables 
in the test for each pH measurement. 
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There appears to be greater variab_ility between the aquifer and · 
aerated concentrations of iron and manganese for the diffused-air and 
cascade aerators. This variability is probably the result of sampling 
- and analytical variations. These concentrations are in excess of those 
recommended in the Drinking Waters Standards in any case . The dif­
ference between the values of calcium hardne·ss and total hardness of 
the waters used in testing the diffused-air aerator and that used in 
testing the other two aerators presumably resulted from the two-month 
time differential during the testing period. 
The solids estimate for the nomographic method was based on an 
unpublished equation derived in earlier work in cooperation with the 
· u .  S. Geological Survey: 
Dissolved solids "'-J 0 . 778 conductivity 
The results of the single solids determination performed before 
equipment difficulties confirmed the relationship within the 5 per 
cent accuracy limits of solids measurements . 
The - results of the dissolved oxygen determinations were varied. 
The dissolved oxygen content of the aquifer water was consistently 
0. 0 mg/1 when tested . After several analyses at the start of the 
study, spot checks were made and they were consistently 0. 0 mg/1. 
The dissolved oxygen content on the aerated waters varied from a low 
value of 5. 5 mg/1 with the cascade aerator to a high of 10. 7 mg/1 
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with the diffused-air aerator. Dissolved oxygen values obtained with 
the diffused-air aerator varied from 8 . 6 mg/1 to 10. 7 mg/1, with the 
values generally increasing with increased quantities of air supplied 
per unit water flow . The dissolved oxygen measurements obtained from 
samples of  aerated water during studies with the multiple-tray 
aerator ranged from 8. 0 to 8. 9 mg/1, with a trend of dissolved oxygen 
content increasing as flow decreased. The dissolved oxygen content 
of the aerated water samples .from the cascade aerator ranged from 5. 5 
to 5. 7 mg/1, with no trends apparent. 
Comparison of the data in Table 8 to those presented in Table 
1 indicates a satisfactory relationship between the average values 
obtained during this study and those published from earlier work. 
As a result , it would appear that the studies were conducted with 
water that would be considered representative of that obtained from 
the Sioux Falls Aquifer. 
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ECONOMIC EVALUATION 
The experimentation and study with pilot aerators were primarily 
for the purpose of an evaluation . of the economic advantages of 
aeration, if any, to water treatment in Sioux Falls. The study has 
indicated that ·aeration will successfully remove carbon dioxide from 
the water and can be evaluated as a pre-treatment method. The evalu­
ation determined whether use of aeration or lime will result in the 
least cost alternative to the city . The method selected to evaluate 
the alternates was the annual cost , method. 
A series of assumptions has been made in order to make the · 
economic evaluation . Several have as their basis Appendix A of the 
Greeley and Hansen " Report on Water Treatment" (5). The assumptions 
used are as follows: 
1. The aeration facilities will be operated independently 
of other treatment facilities. 
2 .  The existing well pumps have adequate head capacity to 
supply the additional head required by the cascade and 
multipie-tray aerators. 
3 .  Units will accept overloads hydraulically with a reduction 
of CO2 removal efficiency. Infrequent peak flows may be 
bypassed if they are in excess of unit capacity. 
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4 .  Fixed charges are based on 30-year serial bonds at 4 ½  per 
cent interest for the diffused air and cascade aerators (5). 
Fixed charges are based on 20-year serial bo�ds at 4 ½  per 
cent interest for the multiple tray aerator . 
5. Annual charges of one per cent the total construction cost 
are assessed as the annual cost of maintenance of piping 
and structures (5). 
6. Annual charges for the maintenance of equipment are assessed 
at 5 per cent of the construction cost of a diffused air 
installation, 3 per cent for a cascade installation, and 5 
per cent for a multiple-tray installation. 
7. Power costs are based on the unit cost of 1¾ cents per 
kilowatt-hour for all projects (5 ). 
8. The air requirement for the diffused air aerator will be 
0. 16 with a liquid  depth of  15 feet (5). From Figure 9, 
allowing for the increased liquid depth, the removal per­
centage used will be 54 per cent. 
9. From Figure 11, the efficiency of the muitiple-tray aerator 
will be estimated as 65 per cent. 
10. The removal efficiency of the cascade process is estimated 
at 45 per cent. 
11. The estimated cost of lime used in the evaluation will be 
$25. 00 per ton . The unit cost of chlorine will be estimated 
55 
at $130. 00 per ton. These values include the estimated 
cost of handling and feeding the chemicals. 
12. The required pumping head for the cascade aerator is 
estimated at 10 feet (5). The head required for the 
. 2 multiple-tray aerator is 10 feet. 
Sizing of Aerator Capacity 
Of considerable importance to the economic evaluation is the 
selection of a value of aeration capacity. Table 9 reports the fore-
cast rates of water pwnpage for Sioux Falls. From this table the 
value of 15 rngd annual average flow was selected as the capacity 
for the aerator evaluation. The selection of this capacity was in-
fluenced by analysis of Greeley and Hansen ' s  forecast of monthly 
average flows by month for the years 1970, 1975, 1985, and 2000. The 
analysis of the forecast indicated that 3 per cent of the monthly 
average flow would be _ in excess of the selected design rate of 15 
mgd in the year 1970 . The proportion of the monthly average flow in 
excess of the. selected 15 rngd water flow increased to 4 per cent in 
1975, 10 per cent in 1985, and 13 per cent in 2000. Confirmation of 
the use of 15 mgd flow rate over a one-year period was made by deter-
mining that the quantity of flow over-loading the aerators during 
2 1nterview with chief chemist, General Filter Company, Ames, 
Iowa, on the occasion of picking up pilot plant. 
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high flow portions of the year is offset by similar quantities of 
flow underloading the units during other portions _ of the year. For 
the forecast 1975 flows, the volume underload will exceed the volune 
of the overloading flows. In 1985 the underloarling volume will ap-
proximately equal the overload, and in 2000 the overload volume will 
exceed the underload volume by about 2 per cent of the total flow 
for the year. 
Table 9 
Forecast of Water Purnpage for the City of Sioux Falls in rngd (5) 
Year Annual average Maximum day 
1966 · 10. 3 26. 6 
1975 13. 4 35.3 
1985 15. 0 41 . 0  
2000 17. 0 47 . 6  
Evaluation of Costs 
The estimated total project cost for each of the three types 
of aerators studied are summarized below: 
Type of Process Estimated Project Costs 
Diffused air $101, 250 
Cascade 123, 750 
Multiple-tray 80, 000 
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The costs for the diffused-air and cascade aerators are 45 per cent 
of the project cost estimated by Greeley and Hansen for a 40 mgd 
aeration system. The costs for the multiple-tray aeration systems 
are based on information obtained from the manufacturer of the . 
multiple-tray pilot plant on a visit to their offices . Table 10 
summarizes the estimated average annual costs and benefits for each 
of the three aeration systems under consideration. 
Fixed charges for the diffused air and cascade aerator systems 
utilize the 30-year period of payment for computing fixed charges 
while the multiple-tray system which utilizes prefabricated units has 
fixed charges computed with a 20-year period of payment. • Mairttemiiice · •:� · ,-·. -
cost s  and power costs were computed according to the criteria es-
tablished at the start of the economic evaluation. 
The economic benefits credited to aeration are a result of lime 
savings and the partial elimination of pre-plant chlorination. Pre­
plant chlorination is currently used at the rate of 20 pounds per 
day per million gallons of water treated. It is estimated that this 
could be reduced to 5 pounds per day per million gallons by the use 
of aeration. The savings in chlorine at the rate of 15 pou�ds per 
million gallons per day was computed to be $356 per million gallons 
per day annual average flow. The calculations are in Appendix V. 
With lime costing $2 5. 00 per ton, the cost oi lime to remove one mg/1 
Table 10 
Summary of the Estimated Average Annual Costs and Benefits 







CO2 removal % 
C(½ removal mg/1 
Annual lime cost 
per mgd annual 
average flow for 
· equal removal 
Annual chlorine 
savings per mgd 
annual average flow 
Annual lime savings 
using 15 mgd annual 
average flow 
Annual chlorine 
savings using 15 mgd 









$ 1, 400 
$ 356 
$21, 000 
$ 5, 340 
Cascade 
aeration. 
$ 7, 500 
4,800 




$_ 1, 170 
$ 356 
$17, 600 
$ 5, 340 
Multiple-tray 
aeration 






$ 1, 700 
$ 356 
$25, 500 
$ 5, 340 
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' ·  
of CO2 per million gallons was 15¢. See Appendix V for the cal-
culation used. The cost of carbon dioxide removal using lime for 
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that portion of the total carbon dioxide removable by . aeration may 
be considered a valid economic benefit for aeration . The average 
concentration of carbon dioxide in the aquifer water is estimated 
at 49 rng/1. 
Net Evaluation 
The annual costs of aeration must be compared with the benefits 
available. Table 11 summarizes the annual costs and benefits of 
aeration for a 15 mgd average annual flow. 
Table 11 
Net Evaluation of Aeration as a Method of CO2 Removal for · Three 





Less annual cost 
of removing 
CO2 with aeration 





$ 5, 340 
$17, 580 




$ 5, 340 
$15, 900 








The net annual benefits shown in Table 11 are average values 
for the period 1970 to 2000. During initial years of operation the 
net benefits will be smaller because of lower flows, .though this 
trend may be offset in part by slightly improved removal efficiency . 
The net annual benefits for the three alternatives decrease in the 
same order as does CO2 removal effectiveness . The option with maxi­
mum benefit is the multiple-tray aerator with forced draft ventila­
tion followed by the diffused-air and cascade aerators in that order. 
It should be noted that the 20-year design life and the prefabricated 
nature of this type of unit is not unattractive when considering the 
possibility of adding aerator modules as demand increases. 
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SUMMARY AND CONCLUSIONS 
This study was undertaken to evaluate the effects of aeration 
on carbon dioxide removal fr.om the ground water supply for Sioux 
Falls . Particular emphasis was given to the difference in removal 
effectiveness utilizing a variety of aerators. Economic evaluation 
was made to determine the desirability of aeration as an alternative 
to lime treatment for the r�moval of carbon dioxide. The effects of 
aeration on iron �nd manganese removal were examined and the relation-
ship of the dissolved oxygen content in aerated water and the exist-
ing plant effluent was considered. 
The following conclusions were drawn from the information 
collected during this investigation :  
1. Aeration is potentially capable of reducing the lime re-
quirernent for treating the ground water supply by 25 per 
cent. Incomplete carbon dioxide remo�al will reduce the 
percentage . 
2. Aeration is not capable of replacing lime for the complete 
treatment of water and must be considered as a pre-treatment 
process. 
3. Aeration is economically advantageous compared to lime 
treatment for the removal of carbon dioxide when evaluated 
on the basis of annual cost. Annual benefits of $7, 000 to 
$15, 000 per year are possible. - The magnitude of the 
benefits vary with the type of aeration processes used. 
62 
-4.- . Th�. economic advantage varies with the type of aeration 
unit used . Generally, the aerator with the greatest removal 
efficiency shows the greatest economic advantage . 
5 . OXidation of iron by the oxygen introduced into the water 
during aeration is :virtually complete allowing removal. 
of the iron. Oxidation of manganese by the oxygen intro­
duced into the water by aeration is not sufficient to allow 
filtration of the manganese . 
6. Although no maximum tolerable limits for dissolved oxygen 
content in domestic supply were found in the literature, it 
is believed that the dissolved oxygen content of the present 
plant effluent is adequate to support corrosion i,f proper 
conditions are present. The change in dissolved oxygen 
content caused by aeration is not expected to have a signif-
icant effect on the corrosive properties of the water. 
7. The variability of the CO2· removal effectiveness between 
aerator types was significant. Consideration of an aerator 
of a type not studied during this investigation should in­
clude field studies of the CO2 removal efficiency. 
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Appendix I 
Sample Air Flow Calculation from Data 
Collected during Testing of the Diffused-Air Aerator 
Air density = 1. 325 
where PB = Barometric pressure in inches of mercury 
T = Absolute temperature degree Rankine . 
Air velocity 1096. 2 




velocity pressure in inches of water 
Air density in #/ft3 
P
B
= Barometric pressure + water head 
Water head 7. 50 of water , less the air di�placement 
of 3/4" water 7. 44 ft water 
6. 5611 in . Hg. 
Air temperature = 21°c 
Manometer reading 0. 275" II:20 
28 . 31 + 6. 56 
1. 325 0.0913 
5 06 
Velocity 1096. 2 (. 0375)2 = 628. 3 fps . 0913 
Average velocity . 9  vel = 565. 5 fpm 
Area of pipe 0. 0277 ft2 







1 10 . 0  
2 7 . 10 
3 3 . 1  
4 5 . 4  
5 8 s 2  
6 9 . 4  
7 12 . 5 
. 8 6 . 7 
9 12 . 2  
10 2 . 2  
11 4 . 1 
12 12 . 4 
13 8 . 6  
14 12 . 8  
15 12 . 9  
Appendix I I  
of Data Collected During 
of the Diffused Air Aerator 
Air Flow Air 
Requirement 
cuft/min cfrn air/gpm water 
31. 5 . 21 
31. 6 . 59 
31 . 4  1 . 37 
15 . 6  . 38 
15. 6 . 25 
1 5. 6 .·. 22 
15. 8 . 16 
1 5 . 7  . 31 
48 . 6  . 53 
48 . 2  . 89 
48 . 9  1 . 50 
48 . 8  . 52 · 
51. 0  . 79 
49 . 4  . 53 





9 . 8 
27 . 6  
64 . 0  
36 . 5  
23 . 9  
20 . 9  
15 . 8  
29 . 6  
16 . 4  
27 . 3  
48 . 7  
15 . 9  
23 . 1  
15 . 4  
15 . 3  
... . � · 
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Test pH alkalinity rng/1 Specific Dis solved 
Run raw aerated aqui fer aerated conductance oxygen 
No. rnicrornhos rng/1 
1 7 . 2 0 7 . 54 298 288 1000 9. 8 
2 7. 13 7. 54 290 308 1080 10. 3 
3 7. 19 7 . 6 5 300 2 84 1 040 10. 7 
4 7. 14 7 . 35 296  2 84 1040 9 . 9 
5 7. 12 7 . 41 294 298 1050 9 . 0  
6 7. 1 7  7 . 4 7 29 6  296 1 050 8. 9 
7 7. 2 2 7 . 42 2 88 286 1 000 9 . 0  
8 7 . 2 0 7 . 60 2 86 284 1 000 9 . 8 
9 7. 1 7  7 . 50 286 284 9 40 8. 8 
1 0  7 . 12 7 . 83 286 280 9 70 10. 4 
1 1  7. 12 7 . 82 2 84 2 76 9 60 1 0 . 6  
12 7 . 12 7 . 58 278 2 74 1000 9 . 7 
13 7 . 1 4 7 . 69 280 2 76 1000 10. 1 
14 7 . 18 7 . 54 282 2 79 1 010 9 . 8 
15 7 . 18 7 . 38 282 280 1010 8. 6 
7 . 1 6 288 285 1 010 
s2 = . 0012 48. 1 85 . 6  1385 
s = . 035  6 . 93 9. 2 6 37. 2 
df = 1 4  14 14 1 4  
t = l . 03NS 
rt .05 = 2 . 048 
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Test  
Run Car bon Dioxide Determina.t ions 
No. mg/1 
Titrametr i c  method Nornographi c  method 
aquifer aerated removal aqui fer aerated removal 
1 44. 8  1 7. 7 2 7 . 1 44 19 28 
2 45. 3 14. 7 30 . 6  50 19 29 
3 43. 5 9 . 7 33 . 8  45 1 5  30 
4 43. 5 18. 1 2 5 . 4  54 19 2 5 
5 43. 5 2 3 . 0  10 . 5  52 2 3  29 
6 43 . 5  24. 2 19 . 3  49 24 2 6 
7 44. 0  2 5 . 0  19. 0 43 26 17 
8 44. 0  2 1 . 0  23 . 0  44 22  2 2 
9 54 . 9  2 3. 0  31 . 9 52 22 30 
10 54. 9  2 2 . 0  32 . 9 54 1 1  4 3  
1 1  54. 9  14 . 6  40 . 3  54 12 42 
12 48. 0 2 2 . 0  26 . 0  54 24 30 
13 48 . 0  2 0 . 8  2 7 . 2  48 15 33 
14 48. 0 19 . 6  28 . 4  48 28 30 
1 5  48 . 0  2 3 . 2  24. 8 48 29 18 
X = 47 . 2  19 . 9  27 . 3  49 . 1 3 20 . 5  29 . 1  
s2 = 18 . 9  18 . 0  34 . 6  1 7 . 7  30. 2 50 . 6  
s = 4. 35 4. 2 5  5 . 89 4 . 2 1  5 . 50 7 . 1 1 
df = 14 14 14 1 4  14 14 
t = 1 .  2 7NS 
t . os= 2 . 048 
Calcium Total 
Test Hardness Hardness 
Run mg/1 mg/1 
No. Aqui fer Aerated Aquifer Aerated 
1 476 480 606 652 
2 420 400 640 600 
3 506 440 620 620 
4 480 440 620 600 
5 460 4 80 620 640 
6 440 440 620 620 
7 420 408 560 600 
8 420 420 580 580 
9 420 420 600 600 
10 420 420 600 600 
1 1  420 440 600 600 
12 376 380 560 552 
1 3  380 392 560 568 
1 4  392 380 560 568 
1 5  360 360 600 560 
: 
X = 426 420 600 59 7 
. 
s2 = 1 6 1 3  1209 938 810  
s 
= 
40 . 2  34. 7 30 . 6  28 . 5  
t - · 0.452NS 0-.2 87NS 
t.o 5 = 2. 048 2 . 048 
Total Iron 
mg/1 
Aqui fer Aerated 
3.40 2.48 
2. 48 2.98 
2 . 2 6  3 . 07 
2 . 32 2 . 70 
2 . 54 1 . 34 
2 . 2 6 0 . 73 
3 . 52 4. 49 
2 . 70 2 . 54 
1.64  0 . 35 
0 . 94 0 . 35 
1.01  1.2 6  
1.95 0. 48 
1.04 0 . 42 
2. 32 2.70 
2 . 12 2 . 54 
2. 16 1 . 89 
. 598 1.62 
. 773 1 . 2 7  




Aqui fer Aerated 
4 . 15 3.4 0  
3 . 75 3 . 75 
3.60 3. 75 
3 . 75 3 . 40 
3 . 50 2 . 95 
3 . 00 2.85 
3 . 20 3 . 40 
3 . 20 3 . 50 
2 . 00 1.40 
2. 75 2 . 75 
2 . 75 2. 75 
3.20 2. 30 
2 .2.0 1.20 
3.00 2 . 75 
2 . 75 2 . 75 
3 . 12 2.8 5  
. 342 . 580  
. 58 4  . 76 1  




Summarized Data Obtained from Flow-through Experiments 
Us ing a Diffused Air.Aerator 
Nominal Carbon Dioxide Removal Percentage 
Air Water Detention air/water 
flow flow Titrimetric Nomographic time ratio 
cfm cfm determination determination min. cu. ft/gal 
12 . 9  52 37 15 . 3  . 16 
12. 5 43 40 15 . 8  . 16 
15 . 5  9 •. 4 46 51  20 . 9  . 22 
8. 2 48 56  2 3 . 9  . 25 
6 . 7  52 50 2 9 . 6  . ..  31  
5 . 4  5 9  65 36. 5 . 38 
20. 0 60 55 9 . 8  . 21 
31 . 5  10. l 50 5 9  1 9 . 8  . 38 
7. 1 6 7  60 2 7 . 6  . 59 
3 . 1 5 9  6 3  64 . 0  1. 37 
12 . 8  58 58 15. 4 . 5 3 
48. 5  12-. 4 54 69 15 . 9  . 52 
12. 2 58 54  16. 4 . 5 3 
8 . 6 5 6  72 2 3 . 1  . 79 
7 . 2  60 81 27. 3 . 89 
















Listing of Data Collected during 

































































- 0. 9  
0 . 9  
0. 9 
· o. 9 
0. 9 
0. 9 
Test Air pH Alkalinity 
Run Flow mg/1 
No . cfm Aquifer Aerated Aquifer Aerated 
1 96  7. 17 7. 72 304 312 
2 96 7 . 1 5  7 . 70 2 98  300 
3 96 7.1 0 7 . 73 304 304 
4 96 7 . 1 7 7 . 68 300 300 
5 96 7 . 1 9 7 . 70 304 300 
6 96  -- -- 304 300 
96  7 . 1 2 7 . 58 304 300 
X = 7 . 1 5 302 303 
s2 = . 0012 . 6 . 2 8 2 3 . 6  
s = . 034 2 . 50 4 . 85 
d f = 5 6 6 
t = 0 . 00NS 
t . 05= 
. 













1 8 . 5  1 8 . 5  
6 6 
0. 00NS 




5 32 5 32 
520  5 40 
580  560  
580  580  
560  5 60 
580  580  
540  5 40 
5 5 6  5 5 6  
645  3 78 
2 5 ; 4  1 9 . 4  
6 6 
0 . 00NS 




Test Dissolved Manganese Total Iron 
Run oxygen mg/1 rng/1 
No. rng/1 Aquifer Aerated Aquifer Aerated 
1 8. 8 3. 75 3. 95 4. 97 4. 97 
2 8. 80 3. 80 3. 85 5. 7 5 . 5  
3 8. 9 3. 80 3. 40 4. 29 4. 49 
4 8. 4 3. 00 3. 10 2. 79 3. 52 
5 8. 9 3. 00 2. 85 3. 40 3. 28 
6 8. 6 2. 65 2. 70 -- --
7 8. 4 3. 10 2. 75 . .  4. 29 3. 64 
= 3. 30 3. 22 4. 2 4 4. 2 3 
s2 = . 2 242 3. 22 1. 09 . 796 
s = . 47 . 2674 1. 04 . 892 
• ·  
df = 6 6 5 5 
t = 0. 018NS 0. 484NS 
t . 05= 2. 179 2. 2 28 
Test Water pH 
Run Flow 
No . GPM Aquifer 
1 8 . 6 7 . 13 
2 8.6 7. 15 
3 8 . 6 7 . 15 
X = 7 . 14 
2 
. 00013 s = 
s = . 0115 
df = . 
t -
t .05= I 
Appendix IV 
Listing of Data Collected during the 
Testing of the Cascade Aerator 
Carbon Dioxide Determination 
mg/1 
T::i.trimetric Nomographic 
Aerated Aquifer Aerated Removal Aquifer Aerated 
7 . 42 48 . 6  29 . 2  19.4 52 28 
7 . 40 49 . 7  · 29 . 2  20 . 5  50 29 
7 . 45 49 . 7  25 . 5  24 . 2  50 25 
49 . 3  50 . 67 
. 403 1 . 33 
. 635 1 . 15 
' 
. .  
2 2 
l . 802NS t � 









rl'est Alkalinity Calcium Hardness 
Run 
No . Aquifer Aerated Aquifer Aerated 
1 304 300 360 360 
2 2 92 304 360 360 
296  296  380 380 
x = 297  300 366 366  
s2 
= 
37 . 3  15 . 99 1 33 1 33 
s = 6 . 1 1  3 . 99 1 1. 5 1 1 . 5 
d f  = 2 2 2 2 
t -- O .  7 1 1 NS O . ONS 
tt _ o5= 4 . 303 4 . 303 
Total Hardnes s  
Aquifer Aerated 
5 40 540 
5 60 5 60 
5 40 540 
5 5 3  546  
1 1 3  1 1 3  
1 1 . 54 1 1 . 54 
2 2 
0 . 743NS 
4 . 303 
Total Iron 
Aquifer Aerated 
4. 2 9  3 . 64 
3 . 64 3 . 28 
4 . 09 2. 82 
4 . 01 3 . 24 
. 11 1  . 169 
. 333 . 4 1 1  
2 2 
2 . 52NS 




Test Manganese . . Dissolved Oxygen 
Run mg/1 
No . Aqu i fer Aerated 
1 3 . 10 2 . 75 5 . 8  
2 2 . 75 2 .40 5 . 7 
3 3 . 10 2 . 30 5 . 5 
X = 2 . 98 2 .48 
s2 = . 0408 . 0558 
s = . 202 . 2 36 
df = 2 2 
t = 0 . 028 
t _ 05= 4 . 303 
Appendix V 
Calculations Used in Economic Evaluation of Aeration and 
Lime as a Method of Removing CO2 from Water 





( 1. 55 ) (  62. 4 )  (10) 
( 5 5 0 ) ( . 60 )  
= 2. 93 HP 
Cost per million gallons per year at 1. 25 ¢/kwh 
= (2. 93 ) (. 748 ) (24 ) (365 ) (. 125 ) 
$240 
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4. 04 HP 
(0. 73 ) (1. 85 ) (1440/. 073 ) 
( 550 ) ( . 60 )  
Cost per million gallons per year. 
= (4. 04 ) (. 748 ) (24 ) (365 ) (. 125 ) 
$331 
3 .  Cost operating a 5 HP mixer in a diffused air aeration tank per year. 
= (5 ) (. 748) (24 ) (365 ) (. 0125 ) 
= $35 6 
4. Cost of 15#/day/mg chlor ine per year at $130. 
= (15) ( 365 ) /2000 X 1 30 
$35 6 
5. Calculation of the value of lime required to react with 1 mg/1 
of CO2 per mil lion gallons . 
1 mole of lime = 56 grams 
1 mole of CO2 = 44 grams 
One mg of CO2 requires 1. 25  mg of CaO .for reaction, but com­
mercial lime is about 90% CaO so 1 mg of CO2 requires 1. 39 mg 
of lime for reaction. One mg/1 of lime per million gallons 
equals 11. 6# of lime. If lime is worth $25. 00/ton then 14. 5¢ 
worth of lime is required to react with 1 mg/1 of CO2 per 
million gallons of water. 
6. Fixed charges are computed by multiplying the principle by the 
capital recovery factor for the selected interest rate and 
number of years over which the payments are to be spread. 
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